ABSTRACT Two hemlock woolly adelgid, Adelges tsugae Annand, generations complete their development on hemlocks (Tsuga spp.) that are native to eastern North America. Progrediens are present in the spring and sistens are present from early summer until the following spring. Following the settling of sistens crawlers at the base of hemlock needles, Þrst-instar sistens go into aestival diapause for Ϸ4 mo. We conducted studies to determine if we could prevent the induction of diapause and determine the environmental conditions required to do so. Diapause was determined to be maternally regulated. We were able to prevent the induction of diapause by preconditioning parents at 12 and 14.5ЊC, but not at 17ЊC, indicating that temperature is a critical preconditioning cue. Preventing the induction of diapause was also most successful under a photoperiod of 12:12 (L:D) h and was therefore chosen as a standard for rearing hemlock woolly adelgid. Egg stage through second-instar progrediens were found to be the maternal lifestages sensitive to diapauseinducing cues.
THE HEMLOCK WOOLLY adelgid, Adelges tsugae Annand, is an introduced pest of two hemlock species in the eastern United States: eastern hemlock, Tsuga canadensis (L.) Carr., and Carolina hemlock, T. caroliniana Engelm. It is a destructive pest that can kill trees in as little as 4 yr (McClure 1987) . Hemlock woolly adelgid currently occurs in 25Ð30% of the native range of eastern Tsuga spp., reaching Massachusetts in the north, eastern West Virgnia in the west, and northern North Carolina in the south (USDA Forest Service 2000) . It continues to spread in all three directions at a rate of 10 Ð15 miles per year, although the rate is highly variable (Souto et al. 1996) .
Hemlock woolly adelgid has two generations per year that feed and reproduce on Tsuga spp. The spring generation, present from March to June, is called progrediens. This is followed by the sistens generation, present from June until the following March (McClure 1989a; Gray and Salom 1996) . In June, after sistens eggs hatch, Þrst-instar nymphs settle at the base of needles and immediately go into aestival diapause, which typically lasts until October.
Diapause is a neurohormonally mediated, dynamic state of low metabolic activity that allows the organism to resist extreme environmental conditions (Tauber et al. 1986 ). Diapause that occurs in the summer is called aestivation. The principal cues that induce diapause in insects are photoperiod and temperature, and to a lesser extent diet (Beck 1980) . Insects that aestivate usually have a "short-day response," where continuous development is promoted by short days and diapause is induced by long days (Beck 1980) . This was Þrst demonstrated for the silkworm, Bombyx mori L. (Lepidoptera: Bombycidae) (Kogure 1933) . The cues that induce diapause often affect lifestages previous to the diapausing stage, and are called preconditioning cues (Beck 1980 , Saunders 1982 . Parental effects on induction of diapause have been reported in 47 species, none of which are in the Order Homoptera (Danks 1987) . Diapause has been noted for several adelgid species (Raske and Hodson 1964; Cumming 1959 Cumming , 1962 Cumming , 1968 and Amman 1962 and McClure 1989b) , yet the maternal inßuence of diapause and the lifestage sensitivity to diapause inducing cues has not been considered. In this article, use of the term preconditioning will represent the exposure of environmental cues to progrediens, the maternal generation of diapausing sistens.
Pest management efforts against hemlock woolly adelgid are now focused on identifying, evaluating, and releasing host-speciÞc predators collected in Japan (Cheah and McClure 1996 , 1998 ), China (Montgomery et al. 2000 and western North America (Zilahi-Balogh et al. 2000 ). An important constraint in mass production of the Japanese coccinellid Pseudocymnus tsugae Sasji & McClure is the inability of female beetles to produce eggs when feeding on aestivating sistens (Dan Palmer, New Jersey Department of Agriculture, personal communication). Even after sistens break diapause, P. tsugae will not begin producing eggs until sistens have developed into the later nymphal instars. This leaves a minimum of four months during which the rearing program must be put on hold.
The objective of this study was to determine what environmental cues prevent the induction of diapause in hemlock woolly adelgid and what lifestages are sensitive to these cues. A practical goal is to develop a procedure for continuous mass rearing of hemlock woolly adelgid and its predators without delays caused by diapause.
Materials and Methods
Experiment 1 (1997). The objective of this experiment was to determine if induction of diapause in sistens can be prevented. On 21 March 1997, clipped hemlock twigs infested with hemlock woolly adelgid sistens adults and progrediens eggs in ovisacs were attached with paper clips to 3-yr-old hemlock seedlings. Soon after, progrediens crawlers emerged and settled at the base of the needles of the new seedlings. This procedure was deemed effective for inoculating the new seedlings with hemlock woolly adelgid. On 31 March when progrediens crawler activity was at its peak, 12 seedlings were placed in each of six environmental chambers, with the chambers set at three different temperature and two different photoperiods. The three temperature settings were 12, 17, and 22ЊC and the two photoperiods were 12:12 and 16:8 (L:D) h.
We began data collection when sistens crawler activity peaked (62 d at 12ЊC and 42 d at both 17 and 22ЊC). On each sample date, a different seedling was chosen randomly and the lifestage of the Þrst 100 live sistens observed was recorded. A Þrst-instar nymph was considered in diapause if it did not molt to the second instar. Sampling was conducted twice weekly. However, after 41 d we began to sample weekly for the 17 and 22ЊC treatments, because no sistens had yet molted to second instar, indicating that they had entered diapause.
Experiment 2 (1998). The objective of this experiment was to evaluate the effects of exposure of progrediens and sistens to photoperiods shorter than 12:12 (L:D) h on diapause in sistens. From November 1997 to January 1998, hemlock woolly adelgid infested seedlings were held in a greenhouse where temperature averaged (ϮSD) 17.2 Ϯ 1.3ЊC at night and 18.4 Ϯ 1.5ЊC during the day, and were exposed to the ambient photoperiod in southwest Virginia (latitude: 37Њ 15Õ). Thus, sistens that typically develop from October to March in the Þeld (McClure 1996, Gray and Salom 1996) , developed more quickly, with ovipositing adults appearing by January 1998. On 21 January, when progrediens crawler activity was at its peak, Þve seedlings were placed in each of three chambers, all held at 12ЊC but differing in photoperiod (12:12, 11:13, and 10:14 [L:D] h) ( Table 1) . Progrediens development was completed by mid-April, and we began sampling seedlings on 20 April when maximum sistens crawler activity was observed. Each of the Þve hemlocks in each chamber was sampled weekly. The lifestages of the Þrst 30 adelgids encountered from clipped twig samples were recorded. This provided us with a sample size of 150 sistens per chamber per sampling period.
Experiment 3 (1998). The objective of this experiment was to evaluate the effects of exposure of sistens to photoperiods longer than 12:12 (L:D) h, at both 12 and 14.5ЊC, on the induction of diapause in sistens. In addition, we attempted to verify that progrediens are sensitive to diapause-inducing cues. On 10 April, 1998, 2-and 3-yr-old hemlock seedlings were infested with progrediens crawlers taken from natural populations. Nine infested seedlings were placed in each of two separate environmental chambers held at 12 and 14.5ЊC and a photoperiod of 12:12 (L:D) h. When 50% of the sistens crawlers had settled, three seedlings from both chambers were placed in each of three chambers held at the same temperatures, but at different photoperiods: 12:12, 13:11, and 14:10 (L:D) h (Table 1 ). In addition, we also evaluated Þeld collected sistens (wild sistens) to determine if preconditioning of progrediens is necessary for preventing the induction of diapause in sistens. On 19 June 1998, hemlock twigs containing sistens ovisacs were collected from the Þeld and used to infest hemlock seedlings. Five plants were immediately placed in each of two chambers, one at 12ЊC and the other at 14.5ЊC, both at a photoperiod of 12:12 (L:D) h ( Table 2) .
The stages of the Þrst 30 sistens encountered from sample twigs were recorded from each seedling, resulting in a sample size of 90 for each sample of preconditioned sistens and 150 for each sample of wild sistens. Sampling was done on a weekly basis.
Experiment 4 (1999). The objective of this experiment was to determine which progrediens stages are sensitive to diapause-inducing cues for sistens. In December 1998, potted hemlock seedlings infested with hemlock woolly adelgid sistens were brought into the greenhouse from an outdoor shaded area in Blacksburg, VA. As in the previous year, this accelerated sistens development. On 4 February 1999, when progrediens crawler activity was at its peak, 15 seedlings were placed in an environmental chamber at 14.5ЊC and a photoperiod of 12:12 (L:D) h (Table 2) . When an estimated 75% of the Þrst-instar nymphs had molted Progrediens-infested seedlings were placed under three different photoperiod conditions during maximum crawler activity. Wild sistens were not preconditioned.
to second instar, Þve seedlings were transferred to another chamber held at 22ЊC in the same photoperiod. When an estimated 75% of the progrediens had molted to the third instar in the 14.5ЊC chamber, another Þve seedlings were moved to the 22ЊC chamber. The purpose of these manipulations was to ascertain how much preconditioning was needed before we could attempt to accelerate development at higher temperatures.
The stages of the Þrst 30 sistens encountered from sample twigs was recorded from each of the Þve seedlings for each treatment. This provided a sample size of 150 sistens per treatment for each sample period. Sampling was done twice weekly.
Experiment 5 (2000). The goal of this experiment was to follow-up experiment 4 with a more precise determination of progrediens stages sensitive to diapause-inducing cues for sistens. In December 1999, potted hemlock seedlings infested with hemlock woolly adelgid sistens were brought into the greenhouse from an outdoor shaded area in Blacksburg, VA. As previously, this accelerated sistens development. On 10 January 2000, when sistens ovisacs became Þlled with progrediens eggs, 20 seedlings were placed in an environmental chamber held at 14.5ЊC and a photoperiod of 12:12 (L:D) h and Þve seedlings were placed in a chamber held at 22ЊC and a photoperiod of 12:12 (L:D) h (Table 2) . Five seedlings were switched from 14.5 to 22ЊC when 75% off the progrediens eggs hatched, when 75% of the progrediens crawlers settled, and when 75% of the Þrst-instar nymphs had molted to second instar. The egg and crawler stages were not tested in experiment 4.
After completion of progrediens development and the settling of sistens nymphs, the stages of the Þrst 30 sistens encountered from sample twigs was recorded from each of the Þve seedlings for each treatment. This provided a sample size of 150 sistens per treatment for each sample period. Sampling was done twice weekly. For all treatments, sistens were monitored for only 60 d because the deteriorating health of the seedlings could not sustain a population of hemlock woolly adelgid any longer.
Statistical Analysis. Because following individual adelgids through their lifecycle is virtually impossible without disturbing them irreparably, life stage frequency distributions were determined for each plant on each sample date. In experiments 2Ð5, cumulative distributions were plotted and the data were Þt using logistic equations. We calculated the cumulative proportion p i (t) of the hemlock woolly adelgid population that had reached a speciÞc stage i (second instar) by each sampling date t. Functions p i (t) were approximated by logistic equations,
, where a i is the slope and b i is the median point, using a nonlinear regression method (least square estimation). The solver option in MS Excel 98 was used to determine the best Þt for each data set.
To quantitatively compare the time sistens required for molting to the second instar (a measure of diapause avoidance) among the different treatments, the mean of the dates for each plant in which the median number of Þrst instars had molted to second instars was analyzed using analysis of variance (ANOVA) (␣ ϭ 0.05). If there was a signiÞcant treatment effect, treatments were compared using the TukeyÐKramer test (␣ ϭ 0.05) (JMP 1995) . If only two treatments were compared, data were analyzed using a StudentÕs t-test (␣ ϭ 0.05).
Results

Experiment 1 (1997).
A substantial proportion of sistens, reared at 12ЊC and under a photoperiod of 12:12 (L:D) h through both progrediens (preconditioning period) and sistens generations, did not enter diapause. Molting began almost immediately, and over 40% of the sistens molted to second instar within 24 d (Fig. 1) . All of sistens reared at 17 and 22ЊC at a photoperiod of 12:12 (L:D) h entered diapause. Sistens whose mothers were reared at 17ЊC began breaking diapause only after 90 d. Sistens whose mothers were reared at 22ЊC, did not break diapause.
Sistens whose mothers were reared at a photoperiod of 16:8 (L:D) h, entered diapause under all three temperature conditions. Yet, at 12ЊC about 10% molted to second instar within 39 d (Fig. 1) , increasing slightly thereafter. Ultimately, however, the majority remained in diapause for over 4 mo. At 17 and 22ЊC, no sistens broke diapause during the 4 mo sampling period.
Experiment 2 (1998). All Þrst-instar sistens, whose mothers experienced 12ЊC and photoperiods of 12:12, 11:13, and 10:14 (L:D) h, molted to the second instar without entering diapause. The number of days after crawlers settled until median molting to the second instar was signiÞcantly less at 12:12 (L:D) h than at the two shorter photoperiods (Table 3) . However, it is Experiment 3 (1998). All Þrst-instar sistens, whose mothers experienced 12 and 14.5ЊC, and a photoperiod of 12:12 (L:D) h, then switched to longer photoperiods as sistens (Table 1) , molted to the second instar without entering diapause. No differences were observed among the three postconditioning photoperiods at either 12 (F ϭ 0.7096; df ϭ 2, 8; P Ͼ 0.05) or 14.5ЊC (F ϭ 0.5527; df ϭ 2, 8; P Ͼ 0.05) in the mean number of days after crawlers settled in which the median number of sistens molted.
All sistens that were not preconditioned as progrediens (wild sistens), entered diapause. The mean number of days in which the median number of sistens molted differed signiÞcantly between the preconditioned and nonconditioned sistens (Table 3) . While preconditioned sistens took between 31 and 38 d for the median number of sistens to molt at 14.5 and 12ЊC, respectively, it took 162 and 166 d for the nonconditioned sistens to molt. Experiment 4 (1999). All sistens under all three preconditioning treatments molted to second instar without entering diapause (Table 3) . No differences in mean days after crawlers settled in which the median number of sistens molted from Þrst to second instar were observed among any of the three treatments (F ϭ 2.069; df ϭ 2, 12; P Ͼ 0.05), with the overall average being 26.6 d. These results demonstrate that second-instar progrediens can be switched to higher diapause-inducing temperatures and still not go into diapause. Thus, the progrediens stages sensitive to diapause-inducing cues range from egg to second instar.
Experiment 5 (2000). When progrediens were switched from 14.5 to 22ЊC as crawlers and Þrst instars, all sistens went into diapause and remained there for the duration of the study. All sistens molted without entering diapause in the other two treatments: (1) 14.5ЊC for both progrediens and sistens and (2) switching progrediens from 14.5 to 22ЊC after 75% of the nymphs entered into the second instar. This is consistent with the results from experiment 4. These data demonstrate that the progrediens stages sensitive to diapause-inducing cues range from egg to second instar. Switching progrediens any earlier than second instar will result in hemlock woolly adelgid going into diapause as sistens.
The mean time it took for the median of sistens to molt was signiÞcantly shorter for the 14.5ЊC treatment than for the treatment in which second instars were Fig. 1 . Percent of Þrst-instar sistens molting to the second instar (i.e., no diapause) at time of sample when preconditioned as progrediens and reared as sistens at 12ЊC in experiment 1 (1997). switched from 14.5 to 22ЊC (Table 3) . This is in contrast to experiment 4, where no differences were observed between these same treatments. Although the difference is signiÞcant, it is small.
Discussion
Hibernal diapause is a component of the life cycle of most adelgid species native in or introduced into North America that have been studied (Cumming 1959 (Cumming , 1962 (Cumming , 1968 Amman 1962; Raske and Hodson 1964; Lowe 1966; Drooz 1985; and McClure 1989b) . However, aestival diapause has only been reported for balsam woolly adelgid. (Amman 1962) and hemlock woolly adelgid (McClure 1989a) . Despite these reports, little information is available on the dynamics of adelgid diapause and the environmental factors that inßuence its occurrence and duration. This is the Þrst in-depth investigation into the diapause state of an adelgid species.
The results from experiment 1 in 1997 demonstrate that aestival diapause in hemlock woolly adelgid sistens is facultative, with up to 50% of sistens developing without delay at 12ЊC and under a photoperiod of 12:12 (L:D) h. They also provide evidence for a maternal (progrediens) effect on the induction of diapause in sistens.
In 1998, at 12ЊC for both preconditioning progrediens and sistens, molting and development of sistens was delayed under photoperiods shorter than 12:12 (L:D) h. Molting was not delayed under longer photoperiods, at either 12 or 14.5ЊC, although in this case only sistens were exposed to the longer photoperiods. Thus, a photoperiod of 12:12 (L:D) h was selected as a standard for rearing hemlock woolly adelgid. The maternal (progrediens) effect was conÞrmed when "wild sistens" went into diapause for over Þve months.
In 1999 and 2000, we showed that the induction of diapause can be prevented by moving second-instar progrediens from a preconditioning temperature of 14.5 to 22ЊC. This suggests that the progredien lifestages sensitive to diapause-inducing cues range from eggs to second instar. However, we were unable to shorten development time by placing these nymphs at higher temperatures.
The ability to bypass diapause in hemlock woolly adelgid sistens will allow for the continuous rearing of this pest and its predators. This is important from the standpoint of mass rearing, which requires production of beetles in the hundreds of thousands per year.
A review by Mousseau and Dingle (1991) shows that maternal regulation of diapause occurs in a number of species. Based on our results, A. tsugae should be added to this list. Diapause in some species is regulated by photoperiod, temperature, or both. It appears that diapause in hemlock woolly adelgid is highly regulated by temperature. Although photoperiod may also play a role, it was not examined in as much detail as temperature. Therefore, further work is needed to evaluate the role of photoperiod and its interaction with temperature in the induction of diapause in hemlock woolly adelgid sistens.
